Introduction
Release of stored calcium by calcium-mobilizing messengers such as inositol trisphosphate, cyclic ADP-ribose, and nicotinic acid adenine dinucleotide phosphate (NAADP) is a ubiquitous mechanism for effecting changes in cytosolic calcium (Berridge et al., 2000) . Inositol trisphosphate receptors (Foskett et al., 2007) and ryanodine receptors (Fill and Copello, 2002) are well-defined calcium channels located on ER calcium stores that open in response to receptor-mediated generation of inositol trisphosphate and cyclic ADP-ribose, respectively (Berridge et al., 2000) . In contrast, the molecular basis for calcium release by NAADP, the most contemporary of the calcium-mobilizing messengers, is not established (Lee, 2005; Guse and Lee, 2008) .
Although NAADP appears to directly release calcium from the ER in some cells (Gerasimenko et al., 2003; Steen et al., 2007) , the bulk of the current evidence suggests that NAADP is an atypical messenger activating a novel channel located not on the ER but instead on acidic calcium stores (Berridge et al., 2002; Churchill et al., 2002; Mitchell et al., 2003; Kinnear et al., 2004; Yamasaki et al., 2004; Brailoiu et al., 2005 Brailoiu et al., , 2006 Zhang et al., 2006; Kim et al., 2008; Gambara et al., 2008) . Despite such segregation, the activation of NAADP-sensitive calcium channels invariably triggers further calcium release via inositol trisphosphate/ryanodine receptors through the process of calcium-induced calcium release (Cancela et al., 1999) . Consequently, NAADP is a key determinant of complex calcium signals that result upon physiological stimulation in response to certain agonists (Guse and Lee, 2008) . Indeed, so-called "chatter" (Patel et al., 2001 ) between NAADP, inositol trisphosphate, and cyclic ADP-ribose has been implicated in several calcium-dependent events, including fertilization (Albrieux et al., 1998; Churchill et al., 2003) , glucose sensing Kim et al., 2008) , neuronal growth (Brailoiu et al., 2005) , and differentiation (Brailoiu et al., 2006) . However, the molecular identity of the target channel for NAADP is not clear. Although both ryanodine receptors (Mojzisova et al., 2001; Hohenegger et al., 2002) and the lysosomal ion channel TRPML1 (Zhang and Li, 2007) have been proposed as candidates, direct contradictory evidence has also been obtained (Copello et al., 2001; Dong et al., 2008) . In addition, NAADP may activate TRPM2 channels on the plasma membrane (Beck et al., 2006) to mediate calcium influx. The nature of the NAADP-sensitive channel is therefore equivocal and hotly debated (Galione and Petersen, 2005) . N icotinic acid adenine dinucleotide phosphate (NAADP) is a widespread and potent calciummobilizing messenger that is highly unusual in activating calcium channels located on acidic stores. However, the molecular identity of the target protein is unclear. In this study, we show that the previously uncharacterized human two-pore channels (TPC1 and TPC2) are endolysosomal proteins, that NAADP-mediated calcium signals are enhanced by overexpression of TPC1 and attenuated after knockdown of TPC1, and that mutation of a single highly conserved residue within a putative pore region abrogated calcium release by NAADP. Thus, TPC1 is critical for NAADP action and is likely the long sought after target channel for NAADP.
Essential requirement for two-pore channel 1 in NAADP-mediated calcium signaling
Human TPCs are intracellular proteins targeted to the endolysosomal system
The location of A. thaliana TPC to the vacuole (Peiter et al., 2005) , the functional equivalent of the animal endolysosomal system, raises the possibility that animal TPCs may be a novel class of endolysosomal ion channels. To test this hypothesis, we expressed monomeric RFP (mRFP)-tagged human TPC1 and TPC2 in Xenopus laevis oocytes. Confocal microscopy of live oocytes indicated that both isoforms were clearly intracellular, as shown by lack of fluorescence at the level of the plasma membrane (Fig. 2, A and B) . High resolution imaging revealed targeting to a population of discrete vesicles (Fig. 2,  C and D) . A vesicular location was also found for TPC1 and TPC2 heterologously expressed in human SKBR3 cells (Fig. 2 , E and F). Such an intracellular location for TPCs may in part explain why in a previous study, no membrane currents were recorded in X. laevis oocytes and CHO cells overexpressing rat TPC1 (Ishibashi et al., 2000) . To determine the identity of the vesicles, TPC1 and TPC2 were coexpressed with various organelle markers. We found significant colocalization of TPC1 with markers for both lysosomes/late endosomes (LAMP1) and endosomes (endo-GFP) but not the ER (DsRed2-KDEL; Fig. 2 E) . Heterologously expressed TPC2 colocalized with LAMP-1 only (Fig. 2 F) . Intriguingly, a recent genetic screen has identified coding variants of human TPC2 that are associated with hair pigmentation (Sulem et al., 2008) . That pigment synthesis occurs in melanosomes; a lysosome-related organelle is entirely consistent with the localization of human TPC2 to the lysosome reported in this study. Collectively, these data demonstrate that human TPCs are a new family of intracellular proteins targeted to the endolysosomal system.
Overexpression and knockdown of TPC1 dictates NAADP sensitivity
Given the location of TPCs to acidic vesicles, we next tested whether TPCs are NAADP-sensitive calcium channels by examining the effect of overexpressing TPC1 on NAADP-mediated calcium signals. We used SKBR3 cells in which we have previously characterized the effects of NAADP (Schrlau et al., 2008) . Microinjection of buffer had little effect on cytosolic calcium levels of mock-transfected cells and cells overexpressing TPC1 (Fig. 3, A and D) . Microinjection of a subthreshold concentration of NAADP (10 nM pipette concentration) was also largely ineffective in elevating cytosolic calcium levels in mock-transfected cells (Fig. 3, B and D) . In contrast, robust responses to NAADP injection were observed in cells overexpressing either TPC1 mRFP (Fig. 3 , B and D; and Fig. S1 ) or TPC2 GFP (not depicted). This pronounced sensitization is consistent with TPCs functioning as NAADP-sensitive calcium channels. Indeed, overexpression of TPCs in X. laevis oocytes, which are normally insensitive to NAADP , conferred NAADP sensitivity, although the NAADPmediated calcium signals were smaller in magnitude and slower to peak than calcium signals evoked by inositol trisphosphate (unpublished data).
We have previously shown that endogenous NAADPmediated responses in SKBR3 cells (which are readily evoked The two-pore channel (TPC) has recently emerged as a novel intracellular calcium release channel in plants (Peiter et al., 2005) . TPCs have a domain structure similar to one-half of voltage-sensitive Ca 2+ channels; i.e., they are composed of two repeats of six trans-membrane helices each encompassing a putative pore (Peiter et al., 2005) . In Arabidopsis thaliana, TPC is likely the molecular correlate of the well-characterized slow vacuolar current and has been implicated in several Ca 2+ -dependent processes (Pottosin and Schonknecht, 2007) . Surprisingly, apart from the initial cloning and characterization of rat TPC1 (Ishibashi et al., 2000) , scant information is currently available regarding TPCs in animals.
In this study, we show that animal TPCs constitute a ubiquitous and expanded family of novel endolysosomal proteins. Using a combined overexpression and knockdown approach, we demonstrate that TPC1 dictates cellular sensitivity to NAADP. In addition, we identify a highly conserved residue in the putative pore region of TPCs that is critical for function. Our data suggest that TPCs are likely the elusive NAADP receptors.
Results and discussion

An expanded family of TPC genes in animals
TPCs are almost completely uncharacterized in animals. Comparative genomic analysis reveals that the TPC gene is widespread in the animal kingdom and has undergone multiplication with most species possessing either two (human and rat) or three (sea urchin) TPC genes ( Fig. 1 A and Table S1 ). These genes are predicted to encode for proteins that display 35% sequence similarity (Table S2 ). Duplication of the TPC gene likely began early during animal evolution given the presence of multiple TPC genes in the sea anemone (Nematostella vectensis; Fig. 1 A) , a member of the Cnidarian phylum considered the oldest of the eumetazoan lineage. Indeed, multiple TPC genes are also evident in the choanoflagellate Monosiga brevicollis, which is a close unicellular relative of animals ( Fig. 1 A) . Intriguingly, a single copy of the TPC gene is present in the protists Thalassiosira pseudonana (marine phytoplankton) and Phytophthora ramorum (sudden oak death pathogen; Fig. 1 A) , suggesting that TPCs are ancient proteins that likely originated in the common ancestor of animals and plants. During the course of metazoan evolution, we note lineage-specific gene loss. This is most striking in mammals, where three genes are present in some species such as dog, whereas only two are present in other species such as human and rat ( Fig. 1 A and Table S1 ).
Semiquantitative RT-PCR analysis demonstrated the presence of transcripts for all three TPC isoforms in sea urchin eggs in which the effects of NAADP were first described (Lee and Aarhus, 1995) , although levels of TPC3 were low compared with prism-stage embryos (Fig. 1 B) . TPC1 and TPC2 transcripts were also detectable in rat PC12 and human SKBR3 cells (Fig. 1 B) , which are cell lines that have both been shown to respond to NAADP (Brailoiu et al., 2006; Schrlau et al., 2008) . Quantitative PCR indicated that TPC1 was the major isoform expressed in sea urchin eggs, PC12, and SKBR3 cells (Fig. 1 C) . Therefore, TPCs comprise a ubiquitous family of novel uncharacterized ion channels in animals. at higher concentrations of NAADP; Fig. 4 ) are inhibited by blockade of either V-type ATPases with bafilomycin or ryanodine receptors with ryanodine (Schrlau et al., 2008) . The former likely prevents proton-dependent calcium uptake into acidic organelles (Churchill et al., 2002) . These data support the hypothesis that in response to NAADP, calcium signals derive from acidic stores and are amplified by ryanodine receptors. To determine the source of NAADP-mediated calcium signals in cells overexpressing TPC1, we examined the effects of 1 µM bafilomycin and 10 µM ryanodine on NAADP responses. As shown in Fig. 3 (C and D) , calcium signals in response to NAADP were substantially reduced by both inhibitors. Thus, the pharmacology of endogenous NAADP responses and responses upon overexpression of TPC1 are similar if not identical, providing additional evidence that TPC1 is a NAADP-sensitive calcium channel. NED19, a newly described NAADP antagonist (Naylor et al., 2009) , could not be used in this cell type because when added alone at a concentration of 100 µM, it evoked a cytosolic calcium increase (unpublished data).
To further investigate the role of TPC1 in NAADP-mediated calcium signaling, we determined the contribution of endogenous TPC1 in SKBR3 cells to NAADP responses. To achieve this, we inhibited expression of TPC1 using RNA interference. In mock-transfected cells and cells expressing a control short hairpin RNA (shRNA) together with a GFP reporter, injection of 10 µM NAADP mediated a robust calcium signal (Fig. 4 A) . Both the basal and peak fluorescence ratios were similar in the two conditions, indicating that GFP did not interfere with the calcium measurements. In marked contrast, cells expressing a shRNA that selectively suppresses expression of TPC1 (Fig. S2) were substantially less sensitive to NAADP (Fig. 4 A) . These data, summarized in Fig. 4 B, provide strong evidence that TPC1 mediates endogenous NAADP responses in SKBR3 cells.
Cytosolic calcium responses to a submaximal concentration of cyclic ADP-ribose (50 nM pipette concentration), which activates ryanodine receptors through calcium-induced calcium release (Berridge et al., 2000) , were unaffected by either overexpression or knockdown of TPC1 (Fig. S3, A and B) , highlighting the specificity of the manipulations. Collectively, the data in Figs. 3 and 4 show that NAADP sensitivity is critically dependent on expression of TPC1. What role other TPC isoforms play remains to be established, although we find that TPC1 appears to be the major isoform expressed in several NAADP-sensitive cells (Fig. 1 C) .
Mutation of a single residue in the putative pore region inactivates TPC1
An alignment of the amino acid sequences of putative pore regions of TPCs from several animals reveals two residues that are conserved in both pores and across species (Fig. 5 A, asterisks) . One of these residues (leucine 273 in human TPC1) is in the putative helix of the pore-forming region (Fig. 5 A) . Mutation of this residue to a of Energy Joint Genome Institute (http://genome.jgi-psf.org/) using protein sequences of human and sea urchin (Stronglyocentrotus purpuratus) TPCs. Sequence datasets were retrieved for sequence alignment followed by manual editing and phylogenetic analysis, essentially as described previously (Cai and Zhang, 2006; Cai, 2007) .
RT-PCR
Total RNA was extracted using the RNeasy mini kit (QIAGEN) according to the manufacturer's instructions. cDNA was prepared using a reverse transcription system (ImProm-II; Promega) with oligo dT primers. Oligonucleotide primers designed to the nucleotide sequences of sea urchin TPC1-3 (unpublished data), rat TPC1 (GenBank/EMBL/DDBJ accession no. NM_139332), rat TPC2 (GenBank/EMBL/DDBJ accession no. NM_001107566), human TPC1 (GenBank/EMBL/DDBJ accession no. BC150203), and human TPC2 (GenBank/EMBL/DDBJ accession no. BC063008) are listed in Table S3 . For end point PCRs, samples were denatured for 2 min at 94°C followed by 35 cycles of denaturation (30 s at 94°C), annealing (30 s at 50°C), and extension (1 min at 68°C) using DNA polymerase (Platinum Taq High Fidelity; Invitrogen). For quantitative PCR, samples were denatured for 2 min at 94°C followed by 40 cycles of denaturation (15 s at 94°C), annealing (30 s at 60°C), and extension (30 s at 72°C) using SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich). Expression levels were normalized to the expression of ubiquitin (for sea urchin samples) and glyceraldehyde 3-phosphate dehydrogenase (for rat and human samples) after parallel amplification using the indicated oligonucleotide primers (Table S3) .
Plasmid constructs pCS2+ vectors into which the coding sequences for either mRFP or EGFP had been inserted at the XhoI and XbaI sites were provided by M. Tada (University College London, London, England, UK). The full-length coding sequence for human TPC1 and TPC2 were amplified by PCR using IMAGE clones 40148827 (GenBank/EMBL/DDBJ accession no. BC150203) and 5214862 (GenBank/EMBL/DDBJ accession no. BC063008), respectively, as templates. TPC1 was inserted in frame into pCS2+ mRFP or pCS2+ GFP at the ClaI and EcoRI sites to generate plasmids encoding for TPC1 tagged at the C terminus with the fluorescent reporter molecule. TPC2 was inserted at the EcoRI and XhoI sites. A construct in which leucine 273 of mRFPtagged TPC1 was substituted for proline (TPC1 L273P) was generated by sequence overlap extension (Horton et al., 1990 ) using mutagenic (forward, 5-TGGAGAACAGCATCGTCAGTCCGTTTGTCCTTCTGACCAC-AGC-3; reverse, 5-CGGACTGACGATGCTGTTCTCCA-3) and outer (forward, 5-ATTTTCCTGGTGGACTGTCG-3; reverse, 5-AGGAAGGCGA-ACACTGTCAC-3) primer pairs to generate a cassette that was subsequently cloned into pCS2+ TPC1 mRFP at the BglII and BsPE1 sites. For cellular expression of shRNA, complementary oligonucleotides corresponding to a TPC1 target sequence (5-CGAGCTGTATTTCATCATGAA-3) or control sequence (5-AATTCTCCGAACGTGTCACGT-3) were synthesized and cloned directly into the pSUPER + GFP vector (Oligoengine) according to the manufacturer's instructions. This bicistronic vector allows coexpression of both GFP and shRNA in the same cell. The control vector was provided by R. Holic and S. Cockcroft (University College London). siRNA duplexes corresponding to the TPC1 target sequence were purchased from QIAGEN. The fidelity of all constructs was verified by direct sequencing.
helix-breaking proline residue abolished the potentiating effects of TPC1 overexpression on NAADP-mediated calcium signals (Fig. 5 B) . The lack of response was not caused by mistargeting of TPC1 L273P because the mutant protein colocalized with wildtype TPC1 (Fig. S3 C) . We also found that calcium signals, in response to higher concentrations of NAADP, were significantly reduced in cells overexpressing TPC1 L273P (Fig. 5 C) , suggesting that this mutant acts in a dominant-negative manner. These data, summarized in Fig. 5 D, further confirm the specificity of the effect of overexpressing wild-type TPC1 on NAADP-mediated calcium signals, provide additional evidence that endogenous NAADP responses require TPCs, and show that TPC function is likely dependent on ion channel activity. Most ion channel pores are formed through assembly of at least three pore-forming subunits. Given the sequence similarity between TPCs and voltage-sensitive calcium and sodium channels (Ishibashi et al., 2000) , which are composed of four repeats, it is tempting to speculate that TPCs are dimeric. Thus, the observed dominant-negative action of TPC1 L273P may result in oligomerization of the mutant with endogenous channels and should prove a powerful tool in future studies to inhibit NAADP signaling.
In summary, we identify animal TPCs as a new and ubiquitous class of endolysosomal ion channels. By combining overexpression, knockdown, and mutagenesis, we show that TPC1 is critically involved in NAADP action. Our data provide molecular evidence, which has been lacking until now, to support the hypothesis that NAADP targets novel channels situated on acidic calcium stores. Indeed, the results presented in this study are consistent with a very recent study that also provides evidence that TPCs are endolysosomal channels targeted by NAADP (Calcraft et al., 2009) . We conclude that TPCs are an essential component of the molecular machinery underlying calcium signals in response to NAADP and are likely the direct target for this highly potent calcium-mobilizing messenger.
Materials and methods
Phylogenetics
BlastP and TBlastN searches (Altschul et al., 1997) were performed against the genomic and protein databases of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/blast/) and the Department Cell culture Gametes from S. purpuratus were obtained by intracoelemic injection of 0.5 M KCl and collected either dry (sperm) or into filtered sea water (eggs). Dejellied eggs (5% vol/vol) were fertilized by addition of concentrated sperm, washed three times, and maintained (0.5% vol/vol) with gentle stirring at 16°C in filtered sea water supplemented with 50 µg/ml streptomycin. Prism-stage embryos were collected 46 h after fertilization. Stage VI X. laevis oocytes were collected from female X. laevis and maintained in modified Barth's saline supplemented with 25 µg/ml gentamicin (SigmaAldrich). Rat adrenal pheochromocytoma (PC12) cells were maintained in RPMI 1640 medium supplemented with 5% fetal bovine serum and 10% heat-inactivated horse serum. SKBR3 human breast carcinoma cells were maintained in McCoy's 5A modified media and 10% fetal bovine serum. Human embryonic kidney (HEK) cells were maintained in DME and 10% (vol/vol) fetal bovine serum. All cell lines were cultured in the presence of 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C in a humidified atmosphere of 95% air and 5% COB 2B .
Oocyte expression X. laevis oocytes were defolliculated by incubation with 2 mg/ml collagenase type 1A (Sigma-Aldrich) in modified Barth's saline for 2 h with agitation. cDNA for mRFP-or GFP-tagged TPC1 and TPC2 and GFP-tagged human reduced folate carrier (Subramanian et al., 2001 ) was microinjected (8 ng plasmid) directly into the nucleus of the oocyte, and cells were imaged 2 d after injection.
Transfection of SKBR3 and HEK cells Cells were seeded onto glass coverslips coated with 20 µg/ml poly-Llysine and transiently transfected with plasmid DNA using either transfection reagent (Lipofectamine2000; Invitrogen) or DharmaFECT (Thermo Fisher Scientific) according to the manufacturers' instructions. Cells were used 1-3 d after transfection. For localization experiments, cells were cotransfected with mRFP-or GFP-tagged TPC1 and TPC2 together with LAMP1-mRFP (Sherer et al., 2003) , pEGFP-endo (Clontech Laboratories, Inc.), or pDsRed2-ER (Clontech Laboratories, Inc.) and fixed before confocal microscopy.
Confocal microscopy
Images of live oocytes bathed in Ringer's solution were captured using a confocal scanner (MRC1024; Bio-Rad Laboratories) attached to a microscope (AX70; Olympus) equipped with 40× NA 1.3 and 60× NA 1.42 oil immersion objective lenses. Images were colored using Interactive Data Language software (ITT Visual Information Solutions). Images of fixed SKBR3 and HEK cells were captured using a confocal scanner (LSM 510; Carl Zeiss, Inc.) attached to a microscope (Axiovert 200M; Carl Zeiss, Inc.) equipped with a 10× 0.3 NA Plan Neofluar objective, a 40× NA 1.3 Plan Neofluar oil immersion objective, and a 63× 1.4 NA Plan Apochromat oil immersion objective. The respective excitation and emission wavelengths were 488 and 505-550 nm for GFP and 543 and 560-615 nm for DsRed2/mRFP.
Microinjection of SKBR3 cells
Injections were performed using Femtotips I, InjectMan N12, and Femtojet systems (Eppendorf). Pipettes were back filled with an intracellular solution composed of 110 mM KCl, 10 mM NaCl, and 20 mM Hepes, pH 7.2, and supplemented with or without 10 nM or 10 µM NAADP or 50 nM cyclic ADP-ribose. The injection time was 0.5 s at 75 hPa with a compensation pressure of 25 hPa. Transfected cells were identified by capturing fluorescence of the reporter molecule (mRFP for the TPC1 constructs or GFP for TPC2 and the shRNA constructs). Only cells that maintained a resting basal fura-2 fluorescence ratio (see following paragraph) of <0.5 and that expressed similar levels of the reporter were selected for injection. Online supplemental material Fig. S1 shows the variation in single-cell responses to NAADP injection, Fig. S2 validates TPC1 siRNA, and Fig. S3 shows that overexpression or knockdown of TPC1 does not affect cyclic ADP-ribose-mediated calcium signals and that TPC1 L273P colocalizes with wild-type TPC1. Table S1 lists the protein sequences used for phylogenetic analyses, Table S2 summarizes amino acid sequence identity and similarity between members of the TPC family, and Table S3 lists the sequences of oligonucleotide primers used in this study. Online supplemental material is available at http:// www.jcb.org/cgi/content/full/jcb.200904073/DC1.
